The study was designed to assess the effects of noise on the intelligibility of speech elements used in the Callsign Acquisition Test (CAT), developed by the U.S. Army Research Laboratory. The CAT consists of 126 test items, or callsigns, each of which is made up of a two-syllable word selected from the 18-item military alphabet (Alpha-Zulu) followed by a one-syllable number (all numbers from 1 to 8, excluding 7).
INTRODUCTON
The ability of soldiers to hear and interpret speech in a combat environment is vital to their success and survival. However, both the perception of speech and the detectability of target sounds are hampered by sounds of nature, armor, cannons, rifles, and moving vehicles coexisting in a typical combat environment. Radio communication is additionally hampered by interference from outside the vehicle and other equipment noise. All these effects need to be taken into account in selecting communication systems and predicting acoustic effects of environment on speech communication. The ongoing research effort at the United States Army Research Laboratory, Human Research and Engineering Directorate (ARL-HRED), Auditory Research Team, is to determine efficient test methodologies for assessing speech intelligibility under these conditions. The most natural way to measure the speech intelligibility of a communication system is to perform human subject tests on sample populations. This involves sending verbal messages (with or without background noise) to a listener in a form of a standardized speech intelligibility test. Examples of such tests are the Phonetically Balanced Word Lists (Egan, 1948; Epstein, Giolas, & Owen, 1968) , the Modified Rhyme Test (MRT) (House, Williams, Hecker, & Kryter, 1965; Bell & Kruel, 1972) , the Diagnostic Rhyme Test (DRT) (Voiers, 1977 (Voiers, , 1983 , the CID W-22 word recognition test (Hirsh, Davis, Silverman, Reynolds, Eldest, & Benson, 1952) , and the NU-6 test (Lehiste & Peterson, 1959) . Some of these tests are included in speech assessment standards (ANSI S3. 2-1989 and ISO/TR 4870:1991) and are summarized by Goldstein (1995) and Rao & Letowski (2002; 2003) . The advantage of using one of these speech tests is that they are widely used in clinical and civilian applications and are well standardized. However, they may not be appropriate in military settings where the use of language is different than in civilian communication. The language used in military communications is based on a relatively small number of unique code words, numbers, and short messages that dominate all conversations. These codes and messages are very similar across all military specialties including infantry, armor, medical personnel, and other military operatives. Existing speech intelligibility tests do not account for these conditions and do not lend themselves well to the use by military personnel due to their poor face validity. Therefore, a specialized standard test for the assessment of speech intelligibility based on military language can be highly useful for both field applications and clinical practice. Some of its applications may include (a) field check of existing communication systems and headgear, (b) development and evaluation of new communication interfaces, listening aids, and hearing protectors, (c) measurement of adverse effects of noise and reverberation in military installations, and (d) assessment of soldier's ability to perform required auditory duties. Therefore, the Callsign Acquisition Test (CAT) was developed at the ARL-HRED for predicting and assessing effectiveness of speech communication in various environments encountered by a soldier on the battlefield and over radio communication systems. In addition to assessing the speech intelligibility of transmitted and propagating speech, it is believed that a standardized CAT can be used as a field tool to assess auditory handicaps resulting from military activities and in military audiology. Such a tool will be very valuable in field evaluation of the effects of military noises and in field assessment of the goodness of fit of hearing protectors.
The CAT is made up of 126 test items. A single test item (or callsign) consists of a word selected from a set of 18 two-syllable words taken from the military phonetic alphabet (Alpha-Zulu) and a number selected from a set of seven one-syllable digits (1 to 8 except 7, e.g., bravo, five). See Table 1 for a complete listing of all the words and numbers included in the construction of the CAT. This type of test material is more appropriate for assessment of military speech communication systems than balanced speech tests because the callsigns are in wide use by the military. In addition, these phrases have greater appeal to soldiers participating in the testing process because of their familiarity with the test material and testing situations. The alphabet codes and spoken numbers have been limited to twosyllable and single-syllable items, respectively, to produce uniform three-syllable test phrases. Such test material was considered a good compromise between (1) the simplicity and poor predictive value of monosyllabic word tests in military settings and (2) the complexity and memory load of nonsense sentences and long number sequences.
The CAT performance has been assessed by the ARL-HRED researchers in several recent informal and formal studies (e.g., Blue & Letowski, 2004; Hicks, Rao, & Letowski, 2004; Letowski, Reference Note 1) . After initial positive findings and the "realworld" nature of the test, the CAT has been successfully applied in testing the effectiveness of various communication devises such as those that can be built into a soldier's helmet or worn in the ear (Henry & Mermagen, 2004) . Also, the CAT has been used in the testing and development of new automatic speech recognition systems (Henry, Mermagen, & Letowski, Reference Note 2) and as a speech recognition test in headgear evaluation studies (Scharine, Henry, & Binseel, 2004) . However, the test still needs broader validation and normalization to become a standardized speech intelligibility test. This process requires completion of several laboratory and field studies in various environments (noise, reverberation) before the final release of the test may take place.
The speech intelligibility of the CAT in a quiet environment was measured and reported recently by Blue, Ntuen, & Letowski (2004) . Their study determined performance-intensity (PI) functions in quiet for two versions of CAT in which either rms (CAT RMS) or peak (CAT PEAK) values were normalized. The purpose of using two normalization schemes was to determine the potential effect of normalization scheme on test sensitivity. The results demonstrated that both versions of CAT provided results similar to CID W-22 and NU-6 word recognition tests, with CAT RMS being more sensitive of the two and better correlated to both reference tests. However, the authors did not assess the test performance in noise. Therefore, the goal of the present study was to determine speech intelligibility of the CAT RMS in the presence of background noise. The study used three types of background noise (pink noise, white noise, and multitalker babble) and three speech-to-noise ratios (SNRs). Additionally, one of the background noises (pink noise) was presented at three different levels to evaluate the effects of noise level rather than SNR on the speech intelligibility.
The effects of noise and speech-like interfering sounds (multitalker babble) on speech intelligibility has been the subject of numerous investigations over the years (Dirks, Morgan, & Dubno, 1982; Hagerman, 1982; Goshorn & Studebaker, 1994; Hargus & Gordon-Salant, 1995; Koehnke & Besing, 1996; Pittman & Wiley, 2001 ). An excellent review of research on speech intelligibility in multitalker conditions over the past 50 years has been presented by Bronkhorst (2000) . Citing classic works by French & Steinberg (1947) , Hawkins & Stevens (1950) , and Cherry (1953) , Bronkhorst presents a systematic review of literature on the effects of interfering sounds on both monaural and binaural speech intelligibility including considerations for hearing aid design. Studebaker et al. (1999 Studebaker et al. ( , 2002 have made extensive contributions to the body of literature dealing with the intelligibility of speech presented against a background noise. As noted by Studebaker, Sherbecoe, McDaniel, & Gwaltney (1999), the existing literature on the speech recognition under moderate-to-high speech levels in the presence of a background noise is conflicting and inconsistent. This inconsistency is true for data collected from subjects with both normal hearing and hearing loss.
Based on their study and other studies in the literature, Studebaker concludes that speech intelligibility in filtered random noise decreases when speech levels exceed 69 dB SPL and the SNR remains constant. This is particularly relevant for the current study. However, it should be noted that the speech material used in most of the studies reviewed by Bronkhorst & Studebaker consists of monosyllables and sentences.
No data are yet available regarding the recognition of speech in noise for CAT items even though a considerable portion of military communication takes place in the presence of some form of noise. Hence the current study is particularly important. Also, this study is a part of a larger experimental effort to assess the effects of various noises on speech intelligibility and to evaluate the effectiveness of the CAT in various listening conditions using both perceptual and objective metrics. In this paper, the terms speech intelligibility and speech recognition are used interchangeably to denote the percentage of CAT items correctly identified by the listeners. The term speech intelligibility rating is also used here to represent the perceptual ratings of speech intelligibility by a listener on a scale from 0 to 100% at the end of each individual test.
METHODS Listeners
A group of 18 listeners between the ages of 18 and 25 years participated in the study. The participants were recruited from both the government workforce at the Aberdeen Proving Ground and the civilian population in surrounding communities. Each listener had pure-tone hearing thresholds less than or equal to 20 dB HL at octave frequencies from 250 through 8000 Hz (ANSI S3. 6 -1996) and no history of otologic pathology. An additional requirement was that the difference between pure-tone threshold hearing levels in both ears of a listener was no greater than 10 dB at any test frequency. The hearing tests were conducted using a Madsen Orbiter 220 audiometer and TDH-50 earphones inside a test booth complying with ANSI S3. 1-1999 (1999) requirements for ear covered testing. The average left and right ear hearing levels for the whole group of listeners are shown in Figure 1 . None of the volunteers had any previous experience in psychoacoustic studies. After passing the hearing test, the participants signed a consent form and completed the study.
INSTRUMENTATION
The instrumentation used in the study included (1) a desktop personal computer with a CD ROM drive, (2) a CD with speech test material, (3) custom CAT software for signal delivery and data collection, and (4) a pair of AKG K-1000 earphones. The study was conducted in an acoustically treated listening room complying with the ANSI S3.1-1999 requirements for audiometric testing under earphones. The custom CAT software was used to present test items in a randomized order and to record listeners' responses using a computer keyboard for response entry.
EQUIPMENT CALIBRATION
Test equipment was calibrated through the use of a B&K 4153 artificial ear and a B&K 4134 microphone connected in series to a B&K 2610 measuring amplifier and a Dell laptop computer with Symphonie hardware and software (dBfa) from 01dB Systems, Inc. The microphone was calibrated using a B&K 2240 calibrator producing a 1000 Hz signal of 94 dB SPL. The calibration procedure included selection of the earphones for the study. The criterion was to use circumaural earphones resembling ear coupling encountered in military equipment. Four different types of earphones (AKG K-1000, Beyer DT-990, Telephonics TDH-39, and Sennheiser HD-280) were tested by using a pink noise signal played from the computer through the left and right earpieces of each pair of earphones. The frequency spectrum at each earpiece was recorded using the 01 dB Symphonie system to ensure similarity between the two earpieces. The AKG K-1000 earphones were finally selected for this study because they had the 
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EAR & HEARING / APRIL 2006 most flat and similar response in both earpieces from the set of earphones tested. The difference in sound pressure levels between the two earphones was less than 3 dB in the frequency range from 31.5 Hz to 16 kHz.
TEST MATRIX
Each test consisted of CAT phrases (all 128 items) mixed with a background noise played continuously at a specific SNR. The study was divided into two experiments: A and B. Experiment A was designed to compare the effects of different types of background noise on CAT intelligibility. All three types of background noise used in this experiment, white, pink, and multitalker babble were presented at 80 dBA. The multitalker babble was the six-person (three male and three female) SPIN multitalker babble (Kalikow, Stevens, & Elliott, 1977) commercially available from Auditec of St. Louis. Experiment B was conducted by using a pink noise masker to determine the effect of the level of noise on CAT intelligibility at the same SNRs as in experiment A. The noise was presented at 74, 80, and 86 dBA. The selection of pink noise as the masker in Experiment B was due to its more uniform masking power over all frequencies compared with white noise or multitalker babble. Figure 2 shows the general shape of the average long-term spectra of all three maskers used in the study. Figure 3 shows those of CAT and multitalker babble superimposed on the same plot. The actual amplitudes varied, depending on the chosen SNR. In both experiments, three SNRs of Ϫ6, Ϫ9, and Ϫ12 dB RMS were tested. These ratios were selected on the basis initial baseline testing at a SNR of ϩ3, 0, and Ϫ3 dB completed for a subgroup of six listeners to determine the appropriate range of SNRs for the study. This baseline testing demonstrated that for all three types of background noise, the listeners were able to score 100% for SNRs of 0 dB or higher. For experiments with a SNR of Ϫ3 dB, the average scores were 100%, 96%, and 93% for white, multitalker babble, and pink noises, respectively.
In each experiment, the listeners participated in nine different test conditions with order counterbalanced across all listeners. Nine listeners participated first in experiment A, whereas the other nine listeners participated first in experiment B. Each listener then participated in the other experiment. This 2 ϫ 9 design minimized variations associated with the order in which each listener was exposed to the nine test conditions. One test condition-pink noise presented at 80 dB A-was common to both experiments A and B and was used as a test-retest reliability measure.
TEST PROCEDURE
The listener wearing earphones was seated in a test booth in front of a personal computer. All the instructions were displayed on the computer screen and the computer keyboard was used for subject response. The listener was asked to listen to the series of 126 CAT phrases mixed with the continuous background noise and presented in a random order. Such a series constituted a test block. The listener's task was to identify the callsign they heard by pressing appropriate keys on the keyboard. For example, the listener would press B followed by 5 for Bravo 5. The entire response set containing the callsign words and numbers ( Table 1) was always shown to the listener on the computer screen during the test. No feedback was given to the listener. Additionally, after each individual test, the listeners were asked to rate on a scale of 0 to 100 (as a percentage) their impression of the intelligibility of sounds they heard in this test. The speech rating was added to the study to determine whether selfassessment of CAT item intelligibility could be used as a form of reliable "quality check" of communication equipment in field situations. The time to com- plete each test was approximately 10 minutes, and there were a total of 18 individual tests. Each listener participated in the study for approximately 4 hours. This time included audiometric testing, instructions and training, 18 speech intelligibility tests, and 5-to 10-minute breaks provided after each 30 minutes of testing. All the listener's responses were stored in a computer file and subsequently imported into an Excel spreadsheet for analysis.
RESULTS AND DISCUSSION
Speech intelligibility data collected in this study were averaged across all the listeners and expressed as mean percentage of items correctly received. For further statistical analysis (linear regression and ANOVA) individual data were nonlinearly converted into rationalized arcsine units (RAU) (Studebaker, 1985) to accommodate ceiling effects of both ends of the measurement scale. Data analysis was conducted for the entire CAT as well as for the individual CAT words and numbers. Figure 4 shows the effects of SNR and type of background noise on speech intelligibility scores collected in experiment A. The filled symbols show speech intelligibility scores for the entire CAT expressed in percent correct, whereas the empty symbols represent the listeners' ratings of intelligibility. The standard deviation values for the measured mean scores varied for each type of noise and SNR. The average standard deviation values across all SNRs for each type of noise were multitalker babble, Ϯ9; white, Ϯ12; and pink, Ϯ13. The standard deviations were Ϯ9, Ϯ15, and Ϯ10 for SNR Ϫ6, Ϫ9, and Ϫ12, respectively averaged across all three noises. These numbers were slightly higher (by 1 to 7 percentage points) for the subjective ratings. Comparing data for all cases, results obtained under SNR Ϫ9 and pink noise had the largest (Ϯ21), whereas multitalker babble with SNR -6 had the smallest (Ϯ7) standard deviations. A repeated-measures, two-factor ANOVA of speech recognition scores for SNR (three levels) and type of noise (NOISE, three levels) showed significant effects of both main factors; SNR [F (2, 16) A review of Figure 4 shows that listeners had the least difficulty hearing CAT items when white noise was used. The multitalker babble makes it a little harder to hear the test items than the white noise, and pink noise was the most effective speech masker of all the three. Figure 4 also shows that speech intelligibility decreases with a decrease in SNR for all three noise types. The rate of decrease in speech intelligibility score depends on the type of the background noise. In the case of white noise, speech intelligibility decreases at the rate of about 5% per dB as SNR decreases from Ϫ6 to Ϫ12 dB. This is in sharp contrast to both multitalker babble and pink background noises, where speech intelligibility decreases with rates of 11% and 13% per dB, respectively, over the same SNR range.
Effects of SNR and Type of Noise on the Speech Intelligibility of CAT
These slopes were calculated by using a linear regression analysis of the data. It is interesting to evaluate these results with respect to the long-term spectra of the maskers and the speech material used in the study shown in Figure 2 and Figure 3 . It is seen that the spectral content of pink noise has almost uniform masking contribution in the frequency range of speech; hence it is able to mask the CAT sounds more effectively than the white noise, whose spectrum increases linearly at 3 dB per octave. White noise has the least amount of low frequency energy and provided the weakest masking effect. The frequency spectrum of multitalker babble is almost identical to the long-term-average spectrum of CAT (Fig. 3) , making it hard to distinguish CAT sound from the masker, especially at higher SNRs. Interestingly, the listeners are able to pick up more than 60% of CAT sounds mixed with multitalker babble at a SNR of Ϫ9 dB, and this falls to about 30% when the SNR is decreased to Ϫ12 dB. 
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EAR & HEARING / APRIL 2006 It is informative to compare the current results with those obtained by Blue, Ntuen, & Letowski (2004) . The PI functions of the CAT in quiet reported by Blue, Ntuen, & Letowski were about 8% per dB in the middle region of speech intelligibility. Their PI functions for CAT-RMS and CAT-PEAK were almost parallel in the intelligibility range from 15 to 85% with the CAT-peak function shifted by 3 to 4 dB toward higher intensities. Both PI functions were steeper than standard PI functions for NU-6 and CID W-22 tests used as references. When compared with NU-6 and CID W-22 tests, both CATs yielded poorer scores at low hearing levels and slightly higher scores at high hearing levels than either of the reference tests. Additionally, Hicks, Rao, & Letowski (2004) compared the speech intelligibility results of CAT with MRT under six different types of background noises related to military and transportation vehicles. Test results demonstrated that the mean speech recognition scores obtained from CAT and MRT across all background noises were somewhat different but were not statistically significant. A correlation of the measured scores with the spectral content of the background noise revealed higher MRT scores for background noises that have most of the frequency content above 500 Hz. In contrast, higher scores for CAT were noticed for noises having predominantly low frequency components below 250 Hz. With background noises having an even distribution of levels throughout all audible frequencies, differences between CAT and MRT speech recognition scores were statistically insignificant.
EFFECTS OF SNR AND TYPE OF NOISE ON THE SPEECH INTELLIGIBILITY OF CAT WORDS AND NUMBERS
In addition to looking at the mean percent correct scores for an entire CAT as shown in Figure 4 , the speech intelligibility of CAT words and CAT numbers was analyzed separately. Figure 5 is a plot of the speech intelligibility of CAT words and CAT numbers for different SNRs and different background noises.
The ANOVA results showed that all the factors significant for the whole CAT were also significant for individual words (SNR [F (2, 16) The data presented in Figure 5 show that CAT numbers are easier to hear than CAT words at all SNR levels and for all three types of background noise. This is supported by the ANOVA result [F (1, 8) ϭ 229.318, p Ͻ 0.05]. The fact that numbers were easier to hear than the words can be explained by their smaller set and larger phonetic dissimilarity. In addition, Figure 5 shows that for both CAT words and CAT numbers the slopes of PI functions for pink and multitalker babble are quite similar, whereas the PI functions for the numbers and words in white noise differed from each other slightly. Similarly to the PI functions for the whole CAT items, pink noise resulted in the lowest speech intelligibility scores followed by multitalker babble and then white noise.
EFFECTS OF SNR AND NOISE LEVEL ON CAT INTELLIGIBILITY
The effect of pink noise level on CAT intelligibility at various SNRs was assessed in experiment B. Figure 6 shows the dependence of CAT speech intel- ligibility scores on SNRs with noise level treated as the test condition. The standard deviations for the mean scores varied from Ϯ5 (86 dB, SNR ϭ Ϫ6) to Ϯ21 (74 dB, SNR ϭ Ϫ12). The ANOVA results showed significant effects of SNR [F (2, 18) ϭ 252.52, p Ͻ 0.05] on the speech intelligibility of the CAT items. The overall level of pink noise [F (2, 18) ϭ 4.22, p ϭ 0.031] was also significant, whereas the interaction between SNR and level of noise [F(4,36) ϭ 0.69, p ϭ 0.32] was not significant. This observation is consistent with the report by Studebaker et al. (1999) who concluded that for monosyllabic words presented in noise having a spectrum matched to the speech spectrum of the talker, speech intelligibility decreases when speech levels exceed 69 dB SPL and the SNR remains constant. To further investigate the effect of pink noise level, a two-factor ANOVA using two levels of noise was conducted. This analysis revealed no significant effect of noise level when the difference in levels was 6 dB (between 74 and 80 dB and 80 and 86 dB) but was significant when the difference was 12 dB (between 74 and 86 dB). The ANOVA results for speech intelligibility rating indicated that SNR [F (2, 14) ϭ 103.90, p Ͻ 0.05] was the only significant factor, whereas pink noise level and the interaction term between SNR and pink noise level were not significant. Additionally, a one-way ANOVA of data averaged across all tests in experiment B revealed that the mean scores of speech intelligibility and intelligibility ratings were not significantly different [F(1,7) ϭ 0.32, p ϭ 0.25].
As seen in Figure 4 , SNR had similar effect on speech intelligibility as observed in experiment A. The slopes of the performance-intensity functions found in both experiments for pink noise are very close to each other. Additionally, the standard deviations for measured speech intelligibility across both experiments were also close to each other. This finding confirms test-retest reliability of collected data. Figure 6 also shows that the level of pink noise has only very small effect on the speech intelligibility of the CAT items. The change in noise level from 74 to 86 dB A had similar effect on speech intelligibility scores as a change by approximately 0.5 dB in SNR at 80 dBA. Figure 7 is a plot of the mean speech intelligibility scores and ratings associated with CAT words and numbers at different pink noise levels and SNRs. The results of a two-factor ANOVA indicated that the SNR was the only factor that had a significant effect on the speech intelligibility of both CAT words and numbers: [F(2,16) ϭ 249.10, p Ͻ 0.05] for word scores and [F(2,16) ϭ 64.69, p Ͻ 0.05] for number scores. In contrast, the overall level of pink noise and the interaction between SNR and the pink noise level were not significant in either case. Based on all these analyses, it can be concluded that the change of pink noise level in the 74-to 86-dB range has a small effect on speech intelligibility of CAT items.
CONCLUSIONS
Within the constraints of the present study, several conclusions and observations can be made. For all three types of background noise, the intelligibility of the CAT in percent correct is close to 100% for SNRs of 0 dB or higher as determined by baseline testing. For SNRs lower than 0 dB, speech intelligibility decreases as SNR decreases. This decrease in speech intelligibility depends on the type of background noise. In the case of white noise, the speech intelligibility scores remains relatively high (80%) even with SNR as low as Ϫ12 dB. This is in contrast with both the multitalker babble and pink noise maskers where speech recognition dropped considerably over this same SNR with speech scores averaging 30% and 10% at Ϫ12 dB SNR for multitalker babble and pink noise, respectively. Pink noise caused the steepest intelligibility decline (13%/dB), followed by the multitalker babble (11%/dB) and then white noise (5%/dB).
The correlation between the speech intelligibility scores and the listeners' own ratings of speech intelligibility for all three types of background noise in experiment A was excellent (R ϭ 0.865 to 0.943). This finding supports the contention that self-assessment of speech intelligibility can be used as a valuable measure under adverse field conditions where no formal testing can be performed. The pink noise data collected in experiment B confirmed the strong dependence of CAT intelligibility on SNR and demonstrated that the changes in overall noise level only marginally affect CAT intelligibility. The change in noise level needs to exceed 6 dB to have a 
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EAR & HEARING / APRIL 2006 noticeable effect and even a change of 12 dB has a marginal effect. Additional item analysis revealed that the CAT numbers and words yield obviously higher mean scores when analyzed separately than when analyzed as an alphanumeric unit but their dependence on SNR was similar. This means that both word and numbers contributed significantly, although in different degree, to the CAT results. Further experimental studies and data analysis using nonlinear regression models are planned for description of CAT performance-intensity functions under various listening conditions. Last but not least, the field validation under real-world military communication needs to be conducted before the final release of the test.
